Introduction
Breast cancer is the most common type of malignancy in females and is a leading cause of cancer-associated mortality among females worldwide (1) . In the United States, it was estimated that ~230,000 females were likely to be diagnosed with breast cancer, with an associated mortality rate of >40,000 in 2013 (2) . Surgery and chemotherapy are increasingly used to treat BC, however, the outcome remains poor due to the lack of specific early symptoms, effective tumor biomarkers and effective treatments (3) . In addition, breast cancer is known to be complex and heterogeneous in its development, progress and response to treatment (4) . Accordingly, identifying the molecular mechanisms underlying breast cancer carcinogenesis is likely to improve current understanding of the pathogenesis of breast cancer and, ultimately, lead to the development of sensitive and specific molecular markers and novel therapies.
Gene associated with retinoid-interferon (IFN)-induced mortality 19 (GRIM-19) was originally isolated and identified as a growth suppressive gene product involved in IFN-β-and retinoic acid-induced cell death in mammary carcinoma cells (5) . GRIM-19, a member of the GRIM family, is located on human chromosome 19p13.1 and encodes a novel 16 kDa protein, which is present in the cytoplasm, nucleus and mitochondria of cells (6, 7) . Previous studies have demonstrated that loss of the expression of GRIM-19 occurs in several human carcinomas, including liver (8) , kidney (9) , cervical (10), lung (11) and laryngeal cancer (12) , and mutations in the GRIM-19 gene have been identified in thyroid tumors (13, 14) and in head and neck cancer (15) . In addition, overexpression of GRIM-19 has been observed to inhibit cell proliferation, migration and invasion, and to induce apoptosis in human prostate, liver and gastric cancer, and in renal carcinoma cells (16) (17) (18) (19) (20) . In breast cancer, despite a previous study demonstrating that the downregulation of GRIM-19 correlates with aggressive clinicopathologic features in breast cancer, including lymph node metastases, and thus an advanced tumor, node, metastasis stage (21), its detailed role in the proliferation, apoptosis, migration and invasion of breast cancer cells remains to be fully elucidated.
The present study aimed to investigate the effects of GRIM-19 on the proliferation, apoptosis, migration and invasion in breast cancer cells, by transfecting cells with a plasmid constructed to overexpress GRIM-19. The findings of this investigation may contribute to the development of gene therapy for breast cancer, by using GRIM-19 as a target. Following 72 h culture at 37˚C, the cells were harvested to determine the mRNA and protein expression levels of GRIM19 using RT-qPCR and western blotting, respectively.
Materials and methods

Cell
Reverse transcription-quantitative PCR (RT-qPCR).
The mRNA expression levels of signal transducer and activator of transcription 3 (STAT3) and GRIM-19 were assessed using RT-qPCR. The cells, which were transfected with the pGRIM-19 plasmids were collected by centrifugation at 1,000 x g for 5 min at room temperature 72 h after transfection. The total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies). The first strand cDNA was reverse transcribed with 2 µg total RNA, using a Takara Reverse Transcription kit (Takara Biotechnology Co., Inc.) and oligo (dT) 15 primers (Takara Biotechnology Co., Inc.). Amplification of GRIM-19 was performed with 1 cycle at 95˚C for 5 min, and 30 cycles of 95˚C for 15 sec, 55˚C for 30 sec and 72˚C for 1 min, with a final extension for 5 min The primers used for STAT3 and GAPDH were as follows: STAT3, sense 5'-GAGTCAGGCACTGTGGG-3' and antisense 5'-CGGTCGGTTTCTGCCTGTA-3' and GAPDH, sense 5'-CCTTCATTGACCTCAACTA-3' and antisense 5'-GGAAGGCCATGCCAGTGAGC-3'. GAPDH was used as a control. The qPCR reactions were performed on an ABI 7900 Fast system (Applied Biosystems, Foster City, CA, USA) as follows: Initial denaturation at 94˚C for 5 min, followed by 30 cycles of amplification (94˚C for 30 sec, 58˚C for 45 sec and 72˚C for 90 sec) and a final extension of 10 min at 72˚C. The reaction products were analyzed using 1.5% standard agarose gel electrophoresis (Sigma-Aldrich) and visualized using a GIS Gelatumimaging system (Tanon, Shanghai, China).
Western blot analysis. The culture supernatants were collected by centrifugation at 1,000 x g for 5 min at room temperature and concentrated ~20-fold using a spin-concentrator (Millipore, Bedford, MA, USA) 72 h after transfection. The proteins from the cell supernatants and the lysates were measured using a bicinchoninic acid (Sigma-Aldrich) method. Cell proliferation assay. Cell proliferation was assessed using an MTT cell proliferation kit (Roche Applied Science, Indianapolis, IN, USA), according to the manufacturer's instructions. Briefly, the cells (2x10 3 /well) were seeded into a 96-well plate and incubated for 2 h at 37˚C. Cell growth was measured using color generation (MTT reduction) by adding 20 µl MTT (5 mg/ml) to the culture medium. The cells were harvested and incubated with 100 µl dimethyl sulfoxide (Sigma-Aldrich) for 30 min, and absorbance was measured using an enzyme-linked immunosorbent assay (ELISA) multi-well spectrophotometer (SpectraMax M3; Molecular Devices Corp., Sunnyvale, CA, USA) at a 490 nm test wavelength. All assays were performed in triplicate and data are expressed as the mean ± standard deviation.
Colony formation assay. The cells were seeded at a density of 1,000 cells/well in 24-well tissue culture plates. The plates were incubated for 2 weeks in a humidified incubator at 37˚C. After 3 weeks, the colonies were stained using 0.05% crystal violet (Sigma-Aldrich), containing 50% methanol (Sigma-Aldrich). The colonies were counted in between four and five randomly selected fields for each of the duplicate samples using a microscope (IX51; Olympus, Tokyo, Japan) at magnification, x100.
Cell apoptosis. For the analysis of apoptosis, the MCF-7 cells were collected by centrifugation at 1,000 x g for 5 min at room temperature 48 h after transfection, diluted to a concentration of 1x10 6 cells/ml and washed three times with ice cold phosphate buffered saline (PBS; Sigma-Aldrich). The cells were then incubated with phycoerythrin (PE) annexin-V and 7AAD using a PE Annexin V Apoptosis Detection kit I (BD Pharmingen, San Diago, CA, USA), according to the manufacturer's instructions. The cells were then analyzed using fluorescence-activated cell sorting (FACS Calibur; BD Pharmingen, San Diago, CA, USA). The experiments were performed in triplicate. In addition, the expression levels of survivin and Bcl-2 were also assessed using western blot analysis as an additional indicator of apoptosis.
Wound-healing assay. A wound-healing assay was performed to assess the effect of GRIM-19 on cell migration. Briefly, the cells (2x10 4 ) were cultured to confluency and transfected with the pGRIM-19 plasmid (1 µg) for 4 h at 37˚C to arrest cell proliferation. A wound track was made using a 200 µl pipette tip and the medium and any cell debris were removed. The plates were washed with PBS and the cells were grown in fresh medium for a further 24 h. The cells invading the wound line were observed under an inverted phase-contrast microscope (Leica DMR; Leica, Wetzlar, Germany).
Invasion assay. Cell invasion was measured using a Matrigel-coated film insert (8 µm pore size) in 24-well invasion chambers (BD Biosciences). The cells (5x10 4 ), which were suspended in 200 µl FBS-free DMEM, were added to the upper compartment of the invasion chamber and 500 µl complete media was added to the lower chamber. Following incubation for 24 h, the cells on the upper side of the filter were removed and the cells in the lower surface of the filter were stained with hematoxylin and eosin (Sigma-Aldrich). The cell number was counted using a microscope (Olympus, Tokyo, Japan) at a magnification of x200. The mean values were calculated by averaging the total numbers of cells from ten randomly selected microscopic fields. The assay was performed in triplicate.
Measurement of VEGF production. VEGF production was determined using a competitive ELISA. Briefly, the MCF7 cells (2x10 4 ) were transfected with the pGRIM-19 plasmid in 12-well plates for 24 h at 37˚C. The culture media was subsequently centrifuged to remove the cell debris. The cell-free culture media was collected by centrifugation at 1,000 x g for 5 min at room temperature at indicated time-points and the levels of VEGF were measured using a Human VEGF ELISA kit (Yanyu, Shanghai, China), according to the manufacturer's instructions.
Statistical analysis.
All experiments were performed at least three times independently and the data are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS software (version 19.0; SPSS Inc., Chicago, IL, USA) and GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA, USA) for Windows Fig. 1A and B) . The protein expression of GRIM-19 was also significantly upregulated following transfection with the pGRIM-19 plasmid (P<0.05; Fig. 1C and D) .
Upregulation of GRIM-19 inhibits the expression of STAT3.
To evaluate the association between GRIM-19 and its target gene, STAT3, in breast cancer cells, the present study examined the effects of upregulated GRIM-19 on the expression of STAT3 in breast cancer cells. As shown in Fig. 2A , increased levels of GRIM-19 in the MCF-7 cells resulted in a marked decrease in the mRNA expression of STAT3 at 72 h after transfection ( Fig. 2A) . Similar results were confirmed in the western blot analysis (Fig. 2B) .
Upregulation of GRIM-19 inhibits cell proliferation and colony formation in MCF7 cells.
To investigate whether the upregulation of GRIM-19 affects cell proliferation, an MTT assay was performed. The results revealed that increased levels of GRIM-19 in the MCF-7 cells resulted in a notable decrease in cell proliferation (P<0.01; Fig. 3A) .
In addition, the effects of the upregulation of GRIM-19 on breast cancer cell colony formation ability were assessed. As shown in Fig. 3B , overexpression of GRIM-19 in the MCF-7 cells reduced the colony number, compared with those observed in the blank vector or control groups (P<0.05).
Upregulation of GRIM-19 induces apoptosis in MCF-7 cells.
To investigate whether upregulation of GRIM-19 induced cell To determine the potential mechanism of GRIM19-induced cell apoptosis in vitro, the protein expression levels of survivin and Bcl-2 were determined using western blot analysis The results demonstrated that increased expression of GRIM-19 in the MCF-7 cells resulted in a notable decrease in the protein expression levels of survivin and Bcl-2, compared with the blank vector or control groups (P<0.05; Fig. 4B ).
Upregulation of GRIM-19 inhibits migration and invasion in MCF-7 cells.
To ascertain the inhibitory effect of the upregulation of GRIM-19 on breast cancer cell motility in vitro, a wound-healing assay was performed. As shown in Fig. 5A and B, the MCF-7 cells transfected with pGRIM-19 migrated significantly less than the untreated cells and the cells transfected with the blank vector (P<0.01)
The ability of upregulated GRIM-19 to reduce the invasiveness of breast cancer cells was further investigated using a Transwell system assay. The invasion of the cells was also significantly decreased in the pGRIM-19 treatment group, compared with the control and the blank vector groups (P<0.01; Fig. 5C and D) . . The observation that GRIM-19 exerts an inhibitory effect on the migration and invasion of breast cancer cells, prompted examination of its effects on the expression levels of u-PA, MMP-2, MMP-9 and VEGF in breast cancer cells. As shown in Fig. 6A , ELISA analysis revealed that the level of VEGF excretion in the supernatant from the pGRIM-19-transfected cells was significantly decreased (P<0.01), compared with the blank vector and control groups. Western blot analysis revealed a marked decrease in the protein expression levels of MMP-2, MMP-9 and u-PA in the supernatant and the total extracts from the pGRIM-19-transfected cells, compared with the blank vector and control groups (Fig. 6B) . These findings suggested that the inhibitory effect of GRIM-19 on the invasion and metastasis of breast cancer was, at least partially, mediated by the downregulation of u-PA, MMP-9, MMP-2 and VEGF, which may contribute to degradation of the extracellular matrix (ETM).
Discussion
GRIM-19 was first identified as a novel cell death-regulatory gene, induced by a combination of IFN-β and retinoic acid (5) . It has been reported to be involved in numerous cellular functions, including apoptosis, proliferation, migration and invasion in various types of cancer (16) (17) (18) (19) (20) . Several previous studies have demonstrated that introduction of the GRIM-19 gene into cancer cells using plasmid vectors inhibits tumor growth in vitro and in vivo (22) (23) (24) (25) (26) . Zhang et al reported that overexpression of GRIM-19 in glioma cells using a transfection plasmid significantly suppressed cell proliferation and migration (24) . Wang et al demonstrated that overexpression of GRIM-19 by transfection with the indicated plasmid suppresses the growth of lung adenocarcinoma in vitro and in vivo (25) . Consistent with these results, the present study successfully constructed a eukaryotic vector expressing human GRIM-19, which exhibited highly efficient gene transduction in the MCF-7 cells. Using this plasmid, the induction of GRIM-19 in MCF-7 cells resulted in significant inhibition of cell proliferation, colony formation, migration and invasion, and induction of apoptosis. These findings are likely to contribute to the future development of GRIM-19-based gene therapeutic approaches for the treatment of breast cancer.
GRIM-19 was revealed as an inhibitor of STAT3 by binding to STAT3 and repressing its transcriptional activation (5) . The downregulation of GRIM-19 is associated with increased activity of STAT3 in prostate cancer (27) , cervical cancer (10), hepatocellular carcinoma (8) and breast cancer tissues (21) . The STAT3 protein is reported to be important in carcinogenesis by promoting cell proliferation, differentiation and cell cycle progression, and inhibiting apoptosis (17, 28) . Thus, the inhibition of STAT3 by GRIM-19 appears to be an important step in suppressing oncogenesis (29) . Therefore, in the present study, a eukaryotic vector expressing human GRIM-19 (pGRIM-19) was constructed and transfected into MCF-7 cells. The resulting overexpression of GRIM-19 in the MCF-7 cells significantly inhibited the expression of STAT3, which further confirmed previous observations that GRIM-19 is an inhibitor of STAT3 (27, 30) .
Breast cancer is often lethal due to its aggressive metastasis, and migration and invasion are important features of cancer cells (31) . Thus, the prevention of breast cancer recurrence and metastasis is of biological and clinical significance. ETM is a key stage in tumor invasion and metastasis, and is predominantly mediated by the secretion of MMP-2 (32), MMP-9 (33,34), VEGF (35) , and the u-PA serine protease, (36) . It has been demonstrated that aberrantly active STAT3 promotes tumor cell growth and survival via a continual induction of pro-growth genes, including VEGF (35, 37) and MMP-2 (32). GRIM-19, as a negative regulator of STAT3, had been observed to inhibit cell invasion and metastasis, and suppress the expression levels of VEGF, u-PA, MMP-9 and MMP-2 in several types of tumor (18, 23, 26, 37) . Consistent with these results, the present study demonstrated that GRIM-19 inhibited the invasive and metastatic abilities of breast cancer cells and suppressed the expression levels of VEGF, u-PA, MMP-9 and MMP-2. Therefore, it was hypothesized that the inhibition of breast cancer cell invasion and migration by the pGRIM-19 plasmid is correlated with decreased expression levels of MMP-2, MMP-9, VEGF and u-PA, and is, at least in part, mediated by the STAT3 pathway
In conclusion, the present study provided evidence that the upregulation of GRIM-19 suppressed cell proliferation, colony formation, migration and invasion, and induced cell apoptosis in human breast cancer cells. Furthermore, overexpression of GRIM-19 in the MCF-7 cells suppressed invasion and migration by decreasing the expression levels of MMP-2, MMP-9, VEGF and u-PA, mediated by the STAT3 pathway. Collectively, these data suggested that upregulation of the GRIM-19 gene may be a potential approach to control the invasion and metastasis of human breast cancer.
